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Racteriorh~dopsin (BR, ~, purified from the halophilic bacterium, HalobacteHnm halobhm~, has been separated from the 
endogenous purple me~abraae lipid~ and reconstituted by detergent dialysis into bi!ayers of the zwitterionic phospholipid, 
1,2-dimydstoyl-s~i glyecro-3-phosphocholinc (DMPC), which was selectively deuterated al the headgroup in the choline a- al,,d 
/I-methylene segments and the cholb~e ?-methyl grou~s. Complexes of E,,~.PC/BR contents from 67: I to 222:1 (moi/mul) v, cre 
prodl,ced under conditions to promo'c ,¢ormation of large vesicles (mean diameters 600-700 am). The magnitudes of the 
-'H-NMR quadrupole splittings recorded from the de~.qerium-labclled headgi'oup segments, and the ~tp-NMR chemical shift 
anisotropy (CSA) of the phosphate group appeared to w "y linearly with the BR content in the cgmple.':e:; ~','cr ;.he k-aage of 
DMPC/RR r~!io~ ,:!'..'d~ed. ~r, h~c~,sing Ihc proportion of ~3R in the DMPC-BR complexes, the -'H-NMR quadrupole splittings 
measured from the choline y-methyl groups and the /~-,,~,thylcac segments and the 3~p-NMR CS~. increased in magnitude, 
while the -'H-NMR quadrupol¢ splitting from the a-methylene segment decreased. Such opl~osing changes in the choline. ~.. and 
/~-methyleu~ segment quadrupole splittings are similar to *hose reported on inc'e.asinc the proportion of positively charged 
amphiphile at the bilaycr surface (Seolig et a]. (1987) Biochemistry 26, 7535-7541). it is suggested that BR presents a ant positive 
charge to tile phosphocholine headgroups at the protein/lipid in',crface. 

Introduction 

Pu~'plc membrane (PM), purified from the halophilic 
bacterium Halobacterium halobium, contains a single 
species of  integral membrane protein, bacterio- 
rhod~psin (BP.), of molcculai weight 26000 [1]. The 

Abbreviations: BR, baeteriorhodopsin: PM, pur~,'.e membrane: NMR. 
uocleat magnetic rcsonante~ DMPC, 1,2-di~uyristoyl-~n-gi~:ero-3- 
phosphocholine; DPPC. 1,2-di.~:dmltoyl-sn-g|yceto-3-phospho- 
choline: DMPG, 1.2.dimyristoyl-sn-glycem.3-phosphoglycerol: PC. 
phosphatidylchuline: POPC, I-palmitoyl-2-olcoyl-:~n-glycero.3- 
Fhosphocholincl DPhPGP, H. hatobium 1,2-di-O-phylanyZ-sn- 
giycero-3-phosphor~'/I-3'-sn-gtlycerol I'-phosphate; DPhPGS, H. halo. 
bium 1,2.di.O.phylanyl.sn-glycero.3.phosphoryl.3'.stt.glyeetol I'. 
sulphat,:; SDS, sodium dodt, cyl su!phate: .lu~e quadrupole splittig.g: 
CSA, chev.~ical shirt anist, hopy: FID° Ir~e induction decay: T m, 
mid.point ten'perature for bilayer main gel to liquid.c~ystallln¢ phase 
Ilansilion. 

Correspondeace: A. Watts, Department of Biochemistry, University 
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polypeptid¢ chain of the BR molecule is arranged into 
sew.'n, closely packed, a-helical segments which extend 
approxi~lately perpendicular to the plane of the mem- 
brane [2,3] and one molecule of  retinal is covalently 
lir~k¢.d to each 26 kDa BR molecule [i]. PM is unusual 
i.~ its low lipid content (20% by weight [4]), The en- 
aogenous PM polar lipids are acidic and the major 
ohospholipid species, 1,2-di-O-phytanyl-sn-glycero-3- 
phosphoryl-3'-sn-glyccrol l '-phosphatc (DPhPGP), has 
tht potential to bear three negative charges [4], which 
may aid interaction of the lipids with the BR. Studies 
of t:he aggregation properties of BR in reconstituted 
ph~sphatidylchoiine (PC) bilayer systems [5,6], suggest 
that the endogenous PM lipids are i.,,:aportant in mcdi- 
aline aggregation of the protein particles into a hcxag- 
offal two-dimensional lattice similar to that observed iu 
PM [7,8]. The spectral properties of the retinal chro- 
mophore itself are influenced by lipid charges at the 
m~mbraoe surface [9], Thus, ionic interaction~ ard  
charge distributions between the BR at~d t b~ lipid 
hcadgtoups at the bila~er m~ mbrane surface may be 
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important i~ influencing the properties of the BR, 
although the bacterium grows in high salt where global 
surface charge effects may be screened. 

Here the effect of BR content on the motional and 
conformational properties of the phosphocholine head- 
groups at the membrane sur~ac : of 1,2-dimyristoyl-sn- 
glyeero.3-phosphocholine (DMPC} bilayers has been 
investigated by broadline phosph~rus-31 and deu- 
terium nuclear magnetic resonance (IiMR). The deu- 
teriom qua0rop:~h, splittings (Auq) measured from 
broadline 2h-NMR spectra of FC bilaycrs, m which 
segments within the phosphocholine headgroup have 
been specifically labelled with dew:erium, are sensitive 
to the electric charge at the surface of the membrane 
[iO]. Tu pg£aiil t]~C effcc" ~f ~P. on !he bihyer surface 
charge to be assessed, the endogenous PM lipids have 
been co~r, pletely removed from the BR (confirmed by 
high re.~lution 3~P-NMR [6]) using mol(.cu;a~ exclu- 
sion chromatography Il l]  prior to reconstitution by 
detergent di.alysis with DMPC. The DMPC used to 
produce the bilayer complexes was seiecti~ely deutcr- 
ated at either the three y-methyl groups (DMPC-d,:), 
or the a- and g-methylene segments (DMPC-d4) of 
the choline headgroup. Deuterium a~d pho.';~h~rus-31 
NMR spectra thus provide information on all segments 
of the pho:;phocholine headgroup. The measured -'H- 
NMR quadrupole .~,plRtings and the -uP-NMR chcnG- 
cal shift anisotropies (CSA) provide structural informa- 
tion on ~he time-ave~aged amplitude of motion or the 
conformation, or ~oth, of the particular segment within 
the phospholipid headgroup [12,13], 

Materials and Methods 

Phospholipid syntAes& The phospholipid 1,2-di- 
myristoyl-sn-glycer'~-3-phosphocholine was specifically 
deuterated at the N.N,N-trimethy! moiety of the chohne 
headgroup by methylation of 1,2-dimyristoyl-sn-glyc- 
cro-3-phosphoethanolaminc (DMPE) ~slng CD31 to 
produce DMPC-do [14]. DM~C-d4, e~ecifically deu~er- 
ated in the choline Ca  m:d Cfl headgroup methylene 
segments, was produced f;om dimyrisloylglycerol using 
per.deuterated ethanolar,fine as described previously 
[15]. After purification by HPLC and reo$,stallization 
from acetone, both lipids Tan as single species on 
thin-layer chromatogralJhy ~lth CHCl~/methanol/  
ammonia ~.65 : 30: 3, v/,~/v). 

Production of DMt'C..~acteriorhodopsin complexes 
fi~e of ena,:,~eno~ puri'ie membrane lipids. DMPC-d 4 
and DMPC-d~ were n,xed in the ratio 4: ~ (w/w) pri~r 
m rec~mstitaiio, ~vi~h BR by dialysis. The method 
adopted for produe~.ion of DMFC-BR complexes and 
aw:!ysis of t!,¢ DMPC-BR contents (tool/tool) has 
bee~ describ.:d [6]. For all the DMPC-BR complexes 

studied in this work, the rate of cholate removal prior 
to vesicle formation during rcconsti:,ltion by dialysis 
from cholate-solubilized BR and DMI'C was controlled 
by inclusion of 0.1-0.2% (w/w) cholate in the dialysis 
b~ffer (150 mM NaCI, ~0 mM Trig-HCI (pH 8.0), 1 mM 
EDTA, 0.025% azide). Once vesicles were judged to 
have formeC usually after 4--5 days, dialysis was per- 
formed without cholate in the buffer and in the pres- 
ence of Amberlite XAD-2 beads (BDH, Poole, UK), 
which had previously been washed 1hr¢¢ times in ace- 
tone and !:oi!ed in di~!i~led water with frequent changes. 
Dialysis was continued for 4-5 days with twice daily 
changes of buffer. After purification by linear sucrose 
density gradient centrifugation [6], the BR-conlaining 
hand was washed free of sucrose in 10 ml~l Tris-HC1, 1 
mM EDTA (oH 7.5) (three times; 30 min; I~C; 
100000 x g~, washed twice from the same buffer but 
made from deaterimt:-d,-plete .d wa:cr (Sigma) ~md thcn 
the pellet loaded into an NMR tube. 

Broad liJ'w nuclear maenetic resonance. Broad line 
" H-NM R and 3~ P-NMR spectra of DMPC(-dj-d~)-BR 
complc~es were recorded on a Nicolet (360 MI4z for 
~H; spt:ctrometer ,at 55.3 MHz and ! 4.~.9 MH~:, respec- 
tively. ~)emcrium NMR spectra were collected it:~o 2K 
points after a pre-acquisition delay of 30 #s  with a 
sweep widlh of 40000 Hz. 2H-NMR ~.pectra of DMPC- 
d,rBR complexes were recorded at 46.1 MHz on a 
Bruker WH300 NMR spectrometer u~ing a sweep wi0th 
of 10000 Hz. A rela.~:ation delay of 250 ms was used. 
The FIDs were zero-lilled to 8K and a line broadening 
of 40 Hz applied with exponential multiplication. The 
apparent ,quadrupole splittings (Ar,~) were measured 
from the turning points of the powder patlcrn, as 
judged by the point of greatest height. Phosphorus-31 
NMR spectra (~r/2 pulse width, 1,8 #s) were collected 
!nto 4K points after a pre-acqui~iition delay of 40 #s  
with a sweep width of 40000 Hz. The FIDs were zero 
fiiled to 8K and a line broadening of 80 Hz applied 
with exponential multiplication. A relaxation delay of 1 
s was used. The chenaical shift a'aisotropy (CSAI values 
(ppm) were measured from the hat6hcight,.~ of the 
upfield (900 orientation) and d~wnfield (0 ° orientation) 
intensities. "~aP-NMI~: spectra were no~! proton deeou- 
pied. 

Determination of resicle size ~ negatit'e stain clectron 
microscopy. Vesicle suspensions (approi:'riately d~luted 
with I0 mM Tris-HCI, I mM EDTA (pH 7.50 were 
stained with 2% uranyl acetate and electron mi- 
croscopy performed on a Philips 400 electron micro- 
scope with normalization at a magnification of 28000. 
For each lipid-protein complex at least five pho- 
tographs were taken to ensure representative .~ampling. 
The diamcters of all vesicles re,:orded on each negative 
were recorded and included in the Std~istical assess- 
.Tlent. 



Results 

A total of nine complexes of D M P C / B R  (mol/mol)  
ratios ranging from 67 : 1 to 379 : I were produced. Of 
these, three (DMPC/BR contents 68:1, 131:i, and 
141 : 1 mol /mol)  were produced with DMPC-d~ alone 
and five (DMPC/BR contents 67:1, 95:1, 1~,2:1, 
218:1 and 222:1, mol /mol )were  produced with both 
DMPC-d 4 and DMPC-dq. Linear sucrose density gradi- 
ents of these complexes displayed a single sharp band. 
As a control, a mixture of the 182:1 and 222:1 
(mol/mol)  DMPC-BR camplexes was resolved into 
two separate bands on a 10-30% (w/w) linear sucrose 
density gradient, while each complex alone produced a 
single sharp band ( ~  1 mm width) demonstrating the 

• vesicles COliipfising these con;Flexes tc ~'~o,. ~,,, h,,,,~,,,...~.,.~o, 
neous protein/lipid content. 

Negati.,e stain electron microscopy studies showed 
the complexes to be comprised of large vesicles with 
~rithmetic mean diameters between 600 and 700 nm 
and some wsicles measuring over 2000 nm in diameter. 
Statistical parameters calculated for diameters of ~esi- 
des  comprisin~ three of the DMPC-BR complexes are 
presented in Table | .  

Solid-slate 2~'t-NMR 
In Figs. l a - l d  2H-NMR spectra recorded at 45*(2 

for 13MPC(-d4/-d~)-BR complexes of l ipid/protein ra- 
tios ranging from 67:1 to 222:1 (tool/tool) are shown, 
The :H-NMR spectrum of protein.free DMPC-d 4 dis- 
pensions is shown in Fig. ie. The outer powder pattern 
is assigned to the choline a-CD 2 segment [15,16] and 
for prc,tein-free DMPC-dj bilayers consists of two 
components c!' different quadrupo!e ~plitt;,hg (Fig. le) 
as also shown for DPPC bilayers [17] ar, d observed tot 
phosphatidyBerinc [18] and phosphatidylglycerol bilay- 
ers [19], in the presence of BR, the two signals from 
the a -CD,  segment ate virtually unresolved and a 
broad powder pattern is observed (Figs. Ic, h:l). The 
inner powder pattern in ~he spectrum from protein-free 
DMPC-d4 dispersions (Fig. ie) is assigned to the 
choline'/ /-CD, segment [16]. The central powder pat- 
tern, with quadrupole splittings of approximately 1 
kHz, in spectra from the DMPC(-d4/.dO.BR corn- 

TABLE I 
Stati~'t&.s for di, mewrs ~ resirh.s r¢mmris#lg DMPC.BR complexes 

DMPC/BR Diameter Number Diameter 
(mol/mol) mean standard measured range 

(am) deviation tnm'~ 
{am) 

6S:l 646 355 74 150-1500 
141:1 ~){) 32t~ 61 100-1200 
379:1 68S 522 24 150-2200 
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\ 

b) 

10,')00 Hz 
Fig. I. ,',I I-I~MP, spectra (55,3 MHz) re~:orded at 45°C fi)r DMPC(- 
d4/-d~).BR complexes of DMFC/BR Onol/mol) contel'ts. 67: I Ca): 
~}5:1 tb); 182: I (c); and 222: I (d). The spectrum of protein-free 
DMPC..d.s dispersions (e) is presented for comparison. All endoge- 
nous purple membrane lipids were removed from complexes and 
samples contained between 50 and 70 mg DM~C (DMIt- 
ri4/DMPC~t9 ratio 4:1, w/'w) in 10 mM TrI~-HCI, I mM EDTA 

(pH 7.5}. 

plexes (Figs. l a - i d )  thus arises from the el~oline ~-CD 3 
groups, 

Effect of  temperature on 2H.NMR powder patterns frmn 
the choline eL. and ~.CD z segments in DMPC.BR com- 
plexes 

111 Fig. 2, the measnred quadrupole splitting~ f . . n  
the choline a-  and ,~-CD 2 segments in ct~mplexe:; with 
D M P C / B R  ratios of  67:1, 95:1 and 182:1 (mol/mol)  
together with those recorded from protein-free DMPC 
d~spersions are plotted as a functiion of temperature. 
The quadrupole splitting used for the aCD 2 segmeut 
for protein-free DMPC dispersions is an average of the 
two component powder patterns (Fig. le), This was 
judged to appcoximate best the values obtained for the 
DMPC-BR complexes, in wk;.ch the two individual 
splittings are unresolved in the broad powder pattern. 
in the :H-NMR speetr~lm of ,nmtein-free DM, PC at 
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Fig. 2. 'H-NMR quadrupole splinings (recorded a: 55.3 Mtlz) for 
the choline a- and ~-CD_, segments in bila~cr ,',~mplcxcs of 
DMPC/BR (tool/moll n~tios, 6/:1 (ol. 95 i (*)  aild 182:1 1o). 
compared to lhose for protein-ltd.,. DMPC dispersio:ls {~) as a 

function ol temperature. 

25'~C (not shown), the a- and /3-CD 2 powder patterns 
are 'not well resoh,ed. On warming the sample further 
above the main gel to liquid-crystalline phase transi- 
tion, the ~-CI)., segment quadrupole spli~tings do not 
vary significar, tly with values of ~ 6 kHz, while those 
for the choline /3-CD 2 segment decrease [15,16] and 
the /3-CD, segment powder pattern becomes clearly 
resolved from that of a-CD 2 segment (Fig. le). The 
quadrupole splitting,., recorded from the choline a- and 
/3-CD 2 segments in lhe presence of [tR exl|ihit similar 
temperature depend:nt trends to those of protein-free 
DMPC dispersions, with the /3-CD.~ segment qua- 
drupole splittings being tempera,me sensitive and the 
ot-CD2 segment quatirupole splittings remaining virtu- 
ally independent of temperature. However, the abso- 
lute magnitudes of botl: a- and fl-CD z segment qua- 
drupolc splittings are influenced by the protein content 
of the bilayer (as described below). 

Effi,ct o f  BR content on the 2H.NMR powder pattern.~ 
from the choline a- and ~-CD, s,:gments and y-CD.~ 
grottps 

2H-NMR powder patt,'n;s from the choline a- and 
/~-CD z segmcr~ts appear to be sensitive to the BR 
conlent at temperatures above T m (Figs. In-d). For 
protein-free DMPC-d 4 dispersions (Fir;. le) and the 
lower protein con;.e~t DMPC-BR complexes (Figs. ic 
and d). the resonances from the 90 ° ~riel~tation in the 
or- and fl-methylene sel~ment ~owdcr patterns arc wci l  
separated at tempcralures above completion of the 
main ~el to l[qu:d-cP..,ttalline phase transition. How- 
ever, increasing the IIR content within the DMPC 

bilayers appears to promote spectral overlap of the 
rcsonances from the 90 ° orientations in the a- and 
[~-methylene segment powder patterns and for the high 
BK content 67:1 (mol/mol) DMPC-BR complex, the 
a-CD,, quadrupole splitting is only just distinguishable 
unde~ the /3-methylene segment powder pattern (Fig. 
la). 

The quadrupole splitting:~, for the choline c~- and 
/3-CD2 segments and the ?-methyl groups measured 
from the spectra of DMPC-BR complexes at two tem- 
peratures above T m (30°C and 45°C) are plotted as a 
function of the reciprocal of the DMPC/BR (tool/moll 
content in Fig. 3. The quadrupole splittings measured 
for the choline a- and /3-CD2segments and the ?- 
methyl groaps from protein-free DMPC dispersions at 
30°C and 45°C arc also shown in Fig. 3. Incorporation 
of small amounts of BR (DMPC/BR ratios, 222:1 to 
182:1, tool/moll into DMPC bilayers causes a signifi- 
cant reduction in the magnitude of the choline/3-CD2 
segment and ?-methyl group quadrupole splittings rel- 
ative to those me::.~ured f:'om protein-free DMPC bi- 
layers, while the quadrupole splittings from the choline 
~-CD- segments :,re relatively unaffected. 

Increasing th~ BR content within the DMPC bilay- 
ers induces opposing effects on the magnitudes of the 
quadrupole ~iplittings measured for the choline a- and 

7000 - 

6000 ~ ~-CD: 

5000 : [~.CD z 

Avq 5 
(r_h) 4°~  i 

3000 
~3oo & 
1200 - 
II00 ~ ~ 7,CD 3 

900 
8004-- . . . . . .  
o.o® o.oo5 O.OLO o.o15 O.G2o 

b R / D M P C  rat io  

( m o l e / m o l e )  

Fig. 3. -~It-N'~IR quadrupolc splitlings measured for the choline 
~t-CD, (o). /J-CD, (D) segments and the ?-CD:~ groups (o) of 
DMPC in DMPC/BR ifilay~:r complexes as a function of the 
~P,/DMPC era,lent (tool/rooD at |cmpcratures above the main g~l 
to liquid-crystalline phase tr=:m, ition. Filled symhols represent values 
recorded at 3(PC and open symbols those at 45°C. The ..~=,q scale for 
the 'y-CD~ groups is I(}-timcs larger then fiw the a.- and p.Ci-~,. 
segments. "d: tpmdr-pol,: spliHings recorded al 55.3 Ml-lz except for 
those of the y-mctbyl grout, s of Ihc 141 : I. 131. I and 08: I (tool/moll 

DMPC.d~.BR cnmplcxcs which wcrc ,cooldud at 46.1 MHz. 



fl-CD2 segment powder patterns. "l'hu~+, the magnitude 
of the quadrupole splitting for the choline a-CD2 seg- 
ment is reduced considerably (Fig. 3) c;a increasing the 
BR content of the vesicles, while the choline 13-methyl- 
ene segment quadrupole splitting dcmonmratcs an in- 
crease in magnitude. From Fig. 3 it appears that over 
the range of lipid/protein ratios examined (from 
D M P C / B R  contents of 222:1 to 67:1. reel/reel), the 
quadrupole splitting,,~ measured from the choline e- 
and/]-CD_, segment powder patterns appear tu exhibit 
a linear dependence on the BR content. The slupes of 
the best fit line for the variation of the choline g-CD 2 
segment quadrupole splitting with BR content for the 
DMPC-BR complexes were -+-0,448 and +0.535 kHz 
per 0.01 i~K/DMFC (n,ol/mol) units at 3C:C, and 
45°C, respectively, while that for the a-CD2 s¢,,l~cp! 
quadrupolc splitting was -0 .655 kHz pei 0.+11 
B R / D M P C  (reel/moll  units at 45°C. 

The quadrupole splittings recorded for the choline 
y-methyl groups at temperatures between 31)°C and 
++5+C appear to increase linearly in magnitude with BR 
content <Fig, 3) although the points were scattered 
ab,+ut the best fit lines The correlation coefficient 
calculated for the variation of the y-methyl quadtupole 
splittings recorded at 45°C with BR conic, ~ over the 
range of D M P C / B R  (mol/mol)  ratios 222: l to 67: I 
(Fig. 3) was +0.81, which is statistically signlficat+i. A 
linear dep~nd'.-acc o1 the quadrupole spfitting.,, mea- 
sured from the choline ">,-methyl groups with protein/  
DMPC-d,~ content has been suggested for other inte- 
gral membrane proteins (band-3 [20] and rhodopsin 
[21]), although the magnitudes of the quadiupole split- 
ting~ were observed to decrease with increasing protein 
content in these eases. 

Bmadline phosphorus-31 NMR 
Broadlinc phosphorus-31 N MR spectra recorded for 

DMPC-BR complexes of ratios (mol/mol)  67:1, 95: 1, 
182: 1, 218:1 and for protein-free DMPC dispersions 
are presented in Fig. 4. All the spectra, irrespective of 
protein content are seen to be single component and 
characteristic for phospholipids in a bil~ycr conforma- 
tion [22]. Tht:r,+" is no evidence of a central narrow 
spectral component, irdieative of phospholipids under- 
going isotropic motion, possibly in small vesicles" or 
inverted miccllcs [22.23]. The spectra from protein-free 
DMPC dispersions and the BR-eontaining complex,=:+ 
exhibit varying degrees of macroscopic alignment of 
the lipid bilayer membranc:~ in the applied magnetic 
field (spectrometer field stre,:gth 8.4 Tcda). Th~ dia- 
magac,;ic anisot~opy <:)f the myrl.:toyl chains orient the 
DMPC molecules in strong external magnetic fields 
such that the plane ¢+f tile bilaycrs arc aligned para,lei 
to the magnetic fi¢i,,l [24]. This orientPtlonal beilav,our 
is reflected in the epect-u:n of protein-free DMPC 
dispersions (Fig. 4e) which displays increased intensity 
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Fig. 4..~1 |}-NMR ~,pcetra (143.q MI [z) recorded at 33°C lllr DMPC- 
BR complexes of DMPC/I~R (reel/reel) contents, 67:1 ~{a); 95: t 
(b); 182 + t i.c); and 2|s: I td), and tot protcin-lrce DMPL' 0Bpersions 
(e). All endogenous pmple mend}ram: iipids were Lemoved frem the 
complexes and samples contained hetweep 51) and 70 mg DMPC in 

10 mM Tris-|lCI. i mM EDTA (pH 7,5). 

for the 90 ° orientation relative to the (1~ orientation 
compared to a random, spherically averaged powder 
pattern [241. Similar effects are observed in the 2H- 
NMR spectrun, of protein-free DMPC dispersions (Fig, 
le). Increasing the BR content (Figs. 4d to 4a) tends to' 
oppose this macroscopic alignment of tke lipid bilayers 
as judgea by the increase in intensity of the tl°-orienta - 
tion component relative to that of the 90°-orientation 
component when compared to the powder pattern from 
the protein-free DMPC dispersions. Indeed, the pow- 
der patterns from the higher BR content DMPC-BR 
complexes (FiBs. 4a and 4b) resemble more closely that 
from a spherically averaged system in terms of relative 
imensitics of the O ° and 90 ° spectral orientations. This 
may result from the interaction of the net dipole mn- 
mcnt from the ,<;even a-helices in the BR molecule with 
the appl'ied magnetic field [25] in such a manner as to 
oppose the macroscopic alignment of vesicles arising 
from thc diamagnetic anisotropy of tl~e fatty acyl chains. 
In PM the a-helices are aligned perpendicular to the 
plane of the bilayer [2] and in the 31P-NMR powder 
pattern obtained from Plvl itseK [26,27], the intensity of 
the O°-oricntafion is incrcascd rclatlve to that from the 
90°-orientation when ~lmpared to a completely spheri- 
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Fig. 5. ~l P-NMR chemical shift anisotrnpies (CSA) measured for the 
plmsphate group of DMPC in DMPC-BR bilayer complexes at 33°C 

plotted as a function of BR/DMPC (mol/mol) content. 

cally averaged bihtycl r:~.~tc.~,. The orientation of PM in 
an applied magnetic field is dependent on the conccn- 
tratiuu ~f PM in the suspension [26]. 

The ~iagnitudes of the CSAs measured from four of 
the DMPC-BR complexes at a temperature of 33°C are 
plotted as a function of BR content in Fig. 5, together 
with the CSA for protein-free DMPC dispersions. In- 
corporation of small proportions of BR (DMPC/BR 
contents 218:1 to 182:1, tool/tool) into the DMPC 
bilayer induce a considerable decrease in magnitude of 
the CSA relative )o protein-free DMPC dispersions. 
On increasing the BR content, the CSA appears to 
follow a linear increase in magnitude, reflecting the 
trends observed for the 2 H-NMR quadrupole splittings 
measured from the choline ?-methyl groups and the 
/3-CD 2 segments (Fig. 3). The change ~n magnitude of 
the measured CSA on varying the DMPC/BR content 
between 182:1 and 67:1 is 6%, which is too large to be 
attributed to experimental error. 

Discussion 

Here, DMPC-BR complexes of a range of lipid/ 
protein ratios have been produced by Triton X-100 
solubilization and cholate dialysis. High resolution 31 p. 
NMR performed after solubilization of the 67:1, 68:1, 
95:1, 131:1 and 222:1 (tool/tool) DMPC-BR com- 
plexes in 4% SDS revealed complete removal of the 
major H. halobium PM phospholipid, DPhPGP, and 
demonstrated DMPC to be the only phospholipid pre- 
sent [6]. In addition, high resolution 31P-NMR spectra 

of SDS-solubilized DMPC-BR complexes confirmed 
the integrity of the DMPC component in that no traces 
of lysophosphatidylcholine [28] or o;,her phosphate- 
containing species arising front degradation of DMPC 
were detectable. Freeze fracture electron micrographs 
of the DMPC-BR complexes used in this study [6] after 
quenching from temperatures well above completion of 
the main gel to liquid-crystalline phase transition re- 
veal tha! the BR particles, possibly trimers, are dis- 
persed; there being no evidence for changes in the 
protein aggregation state with BR content over the 
lipid/protein ratios studied. 

The DMPC-BR complexes used in this study were 
comprised of large vesicles. Slowing the rate of vesicle 
formation in the reconstitution mixture by inclusion of 
ckolate in the dialysis buffer, promotes the generation 
of much larger vesicles than if cholate removal rates 
are not controlled prior to vesicle formation (unpub- 
lished observations). From the fi'equency distributions 
of vesicle diameters m.'asured from freeze-fracture 
electron micrographs it was estimated (from the vesicle 
surface areas) that over 80% of the DMPC was accom- 
modated in vesicles with diameters greater than 600 
nm. In such large vesicles, the residual spectral 
anisotropy in broadline 2H-NMR powder patterns will 
be relatively little influenced by motional averaging 
resulting from rapid phospholipid reorientation in the 
applied magnetic field due to lateral diffusion around 
small vesicles and vesicle tumbling motions [23,29]. 

The small magnitude of the quadrupole splitting 
( ~ 1(125 Hz at 45"C) observed tor the choline ?-methyl 
groups in DMPC-d,) bilayers [15] and DPPC bilayers 
[16] at temperatures above T m iraply extensive motion 
within this region of the choline headgroup. The in- 
crease in quadrupole splitting for segments located 
nearer the glycerol backbone (4380 Hz for the/3-CD 2 
and 6040 Hz for the a-CD z segments of DMPC at 
45°C) reflects a progressive reduction in motional free- 
dom or a different conformation within the choline 
headgroup [16]. The magnitudes of the quadrupole 
splitting from the choline a-CD 2 segment in protein- 
free bilayers of DMPC [15] or DPPC [16] exhibit little 
variation on increasing the temperature above Tin, while 
those from the/3-CD~ segment and the ?-methyl groups 
exhibit a considerable reduction in magnitude. These 
observations are interpreted in terms of oscillations of 
the C,-C/~ region of the choline headgroup around the 
Ca-C/3 bond which increase in amplitude with temper- 
ature, while the a-CD z and phosphate segments re- 
main relatively rigid [16]. In the presence of BR, the 
temperature dependencies of the quadrupole splittings 
for both the a- and /3-CD a segments (Fig. 2) and the 
?-methyl groups (data not presented) of the choline 
headgroup parallel those from protein-free DMPC bi- 
layers (although the actual quadrupole splitting values 
vary with BR content). It would appear that the tem- 



perature dependence of the motional properties of 
segments within the phosphocholine headgroup of the 
bulk bilayer DMPC is preserved in the presence of BR. 

Incorporation of small amounts of BR (DMPC/BR 
contents 222. i tu 182: I, ~;~ol/n-,ol) causes a decrease 
in the magnitudes of ZH-NMR quadrupole splittings 
from the choline fl-CD 2 segment and T-CD 3 groups 
and the 3~p-NMR CSA measured from the phosphate 
moiety, relative to protein-free lipid bilayers (Figs. 3 
and 5). Similar effects on quadrupole splitting and 
CSA have been observed for other integral membrane 
proteins eg sarcoplasmic reticulum CaZ+-ATPase [30]. 
cytochrome-c oxidase [31], band-3 [20] and rhodopsin 
[21] in PC bilayers, and for the peripheral membrane 
protein, myelin basic protein, in DMPG bilayers [32] 
and presumably reflect perturbations in molecular mo- 
tions or orientation within the phospholipid headgroup 
at the membrane surface due to accommodation of the 
uneven surface of the protein. 

A linear variation of 2H-NMR quadrupole splitting 
from headgroup-deuterated lipids with protein/lipid 
content has been suggested for band-3 [20] and 
rhodopsin [21] in DMPC bilayers and myelin basic 
protein in DMPG bilayers [32]. The opposing linear 
changes in magnitude of the quadrupole splittings from 
the choline a- and/3-CD 2 segments on increasing the 
BR content in the DMPC/BR bilayers at constant 
temperature (Fig. 3) reflect those observed on increas- 
ing the proportion of positively-charged amphiphiles in 
POPC bilayers [10]. The dipole moment resulting from 
the zwitterionic nature of the phosphocholine head- 
group is estimated to be 19 D 1.33]. From X-ray diffrac- 
tion studies of hydrated PC bilayers [34] the net dipole 
moment perpendicular to the plane of the membrane 
is ~ 6.5 D. Such a dipole moment would interact with 
charged groups on lipids or proteins at the membrane 
surface resulting in a reorientation of the dipole and 
hence a change in average amplitude of segmental 
motion or conformation within the phosphocholine 
headgroups. Increasing the proportion of positively 
charged amphiphile at the PC bilayer surface will tend 
to reorient the phosphocholine dipole such that the 
positively-charged trimethylammonium moiety is re- 
pelled towards the bilayer normal and the negatively- 
charged phosphate moiety may interact with the posi- 
tive charges. 

With mole fractions of positive or negative charged 
amphiphiles up to 0.3, the quadrupole splittings from 
the choline a- and /3-CD 2 segments are reported to 
exhibit a linear variation with mole fraction of am- 
phiphile [10]. Incorporation of the positively charged 
amphiphile, didodeeyldimethylammonium bromide into 
POPC bilayers to a mole fraction of 0.3, effects a 
decrease in the choline a-CD 2 quadrupole splitting by 
8.27 kHz (as measured froo~ Fig. 4 of Seelig et al. 
(1987) [10]). Increasing the mole fraction of BR in 
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DMPC-BR complexes by 0.01 BR/DMPC (mol/mol) 
units over the range of DMPC/BR c~.tcnts studied 
(222:1 to 67: DMPC/BR (tool/tool)) results in a 
0.655 kHz reduction in the magnitude of the a-methyl- 
ene quadrupo!e splitting measured at 45°C (best fit 
line, Fig. 3). Such a reduction in magnitude of the 
a-CD 2 segment quadrupole splitting is equivalent to 
incorporation of the didodecyldimethylammonium ion 
to a mole fraction of 0.024 in P o P e  bilayers. This 
suggests the net positive charge presented by BR at the 
lipid/protein interface on the membrane surface is 
2.4-times that for the didodecyldimethylammonium ion 
assuming that contributions to perturbation of the 
phosphocholine headgroup from sterie effects of the 
BR surface are similar to those from the didode- 
cyldimethylammonium ion. The BR molecule, how- 
ever, is a transmembrane protein and interacts with the 
headgroups of lipids in both leaflets of the bilayer. In 
contrast, each didodecyldimethylammonium ion occu- 
pies only one leaflet of the bilayer at any one time. 
Thus the net perturbation of the phosphocholine head- 
groups by BR is distributed over two membrane sur- 
faces and in terms of the total electric charge pre- 
sented by the protein, each molecule of BR may be 
equivalent to 4.8 didodecyldim,~thylammonium ions. 
Furthermore, the BR molecule presents a larger sur- 
face area to the DMPC than a didodecyldimethylam- 
monium ion and thus the perturbation of the phospho- 
choline groups by positive charges on its surface will be 
dissipated over more lipids. The actual protein surface 
area exposed to the lipid will depend on whether the 
26 kDa BR polypeptides are organized into trimers or 
exist as independent monomers within the DMPC bi- 
layers at temperatures above T m. it is suggested that 
each BR monomer presents at least five positive 
charges to the phosphocholine hcadgroups at the pro- 
tein/lipid interface near the bilayer surface. 

The positive charges presented by BR to the phos- 
pholipid headgroups may arise from basic amino acid 
residues or from metal ions or from both. Extensively 
washed PM contains approximately four to five tightly 
bound divalent cations (one Ca 2+, and three or four 
Mg 2+ ions) per BR molecule [35], The calculated ap- 
parent dissociation constant of calcium and PM is 
estimated to be about 10 -8 M [35]. 3tP-NMR studies 
of PM [26] suggest that in PM, the negatively charged 
endogenous PM phospholipids are involved in cation 
binding. Thus, in the DMPC/BR vesicles used in this 
study, where all the endogenous PM phospholipids 
have been removed, there may be less than four cations 
per BR molecule and metal cations may not contribute 
significantly to the positive charge experienced by the 
phosphocholine headgroups. From the alignment of 
the amino acid sequence of the BR polypeptide with 
respect to the positions of the seven transmembrane 
a-helices in the three dimensional electron density map 
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[3], it would  a p p e a r  tha t  each  of  the  seven ~-hcl iccs  
has  basic  amino  acid residues,  a rg in ine  o r  lysine, ~osi- 
t ioned  e i ther  at  the  ends  o f  the  a-hel ica l  sect ions o r  in 
the  e x t r a - m e m b r a n e  segments  within one  o r  two 
re, sidu~s o!" !he end  o f  the ~-he)ix. Thus .  for  example ,  
helix G has  two arg in ine  res idues  a n d  helix B two 
lysine res idues  at  the  end  of  the helical sect ion on the 
cytoplasmic  side of  the membrane .  Fu r the rmore ,  the 
th ree-d imens iona l  e lec t ron  densi ty  m a p  [3] implies Lys- 
172 a n d  Arg-175 on  helix F a re  d i rec ted  ou twards  f rom 
the  cen t re  o f  the  B R  molecule  and  a re  p r e s u m e d  to be  
able to reach  the  po la r  lipid h e a d g r o u p  region.  These  
basic  res idues  on  the surface  o f  the  B R  molecule  at  the 
l i p i d / p r o t e i n  interface may interact  with negatively 
cha rged  p h o s p h a t e  a n d  su lpha te  g roups  of  the endoge -  
nous  PM pola r  lipids (i.e. glycolipid sulphates .  DPh-  
P G S  and  D P h P G P  [4]). Similar  app roaches  to the 
s tudy o f  phosphol ip id  h e a d g r o u p s  using deu te r ium 
N M R  have shown tha t  cha rged  residues of  wel! .de-  
f ined a n d  located pept ides  also pe r tu rb  the  surface  o f  
phosphol ip id  bi layers  [36,37] in a s imilar  way to tha t  
shown here  with BR as an example  of  a na tu ra l  inte- 
gra l  p ro te in  affect ing surface  cha rge  of  bilayers.  
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